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Searching for genes influencing a complex disease:
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The Sahlgrenska Academy, Göteborg University, Göteborg, Sweden; 4The Nordic School of Public Health, Göteborg,
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Recently, a few genes have been reported to be causative in inflammatory diseases. Still, we are waiting for
the vast majority to be discovered. New tools for genotyping and statistical analysis have been developed
and emphasis has been put on study design. Coeliac disease (CD) is a disorder, where prolamins in dietary
wheat gluten and related proteins from rye or barley are not tolerated. It is one of the most common
chronic diseases in humans exceeding a population prevalence of 1%. In this article, we will summarise
what is currently known about the genetics influencing CD with the emphasis on the non-HLA genetic
component. We will discuss some difficulties when searching for susceptibility genes in disorders with
complex inheritance patterns.
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Introduction
There are basically two genetic approaches to finding

disease genes that are inherited to the offspring. The first is

the genome-wide search (also referred to as ‘positional

cloning’ since the gene is identified using its position in

the genome). The second is the ‘functional candidate gene

approach’ where genes are selected for investigation based

on a known function.

Linkage analysis is used to approximately point out a

chromosomal region, which is more often inherited by the

affected individuals within families. Association analysis

on the other hand depends upon the same allelic variant

being present in seemingly unrelated individuals with a

common ancestor or ‘founder’. Association analysis has

been a method for fine-mapping and for candidate gene

studies since the resolution is much higher in comparison

to linkage. The number of meiotic events available to ‘cut’

up the chromosomes during recombination are few in

linkage (one for each generation and child), while associa-

tion is the result of a common ancestor many generations

ago, and therefore, includes many meiotic events. Unlike

linkage analysis, association studies depend upon the

analysis of unrelated individuals, where a common sample

includes a set of cases and control individuals but the so-

called ‘trio’ families (one child and two parents) can also be

used. Genetic linkage and association methods are based

on DNA analysis and the use of DNA polymorphisms.

When it comes to genome-wide studies, microsatellites

have been the markers (genetic variants) traditionally used.

However, due to the advances in single-nucleotide poly-

morphism (SNPs) technology, SNPs are now the variants of

choice. SNPs can be used for linkage studies but more

importantly also for genome-wide association (GWA)

studies. Recently, the knowledge about copy number

variants (CNVs) has exploded. These variants have been
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Göteborg 405 30, Sweden.

Tel: þ 46 31 7863095; Fax: þ46 31 786 3232;

E-mail: asa@genomics.sahlgrenska.gu.se

European Journal of Human Genetics (2008) 16, 542–553
& 2008 Nature Publishing Group All rights reserved 1018-4813/08 $30.00

www.nature.com/ejhg

http://dx.doi.org/10.1038/sj.ejhg.5201918
mailto:asa@genomics.sahlgrenska.gu.se
http://www.nature.com/ejhg


difficult to detect but new technology makes these a target

for disease association studies as well. In addition to

genetic linkage and association, analysing differential

expression of genes and proteins can help by identifying

pathways and interesting candidate genes. There is a large

amount of mRNA and protein-expression data involving

CD including whole-genome mRNA expression profiling

studies.1,2 To limit the scope, we will not discuss this

approach further in the present review.

Coeliac disease (CD) is a disease with complex inheri-

tance. After the remarkable success with positional cloning

of genes responsible for monogenic traits, there has been

comparably few success stories with complex polygenic

traits.3 The main problem with linkage and association

analysis on phenotypes with complex genetic inheritance

compared to monogenic inheritance is that the relation-

ship between a variant/mutation influencing the disease

and the disease phenotype is weak and consequently

difficult to detect. This is mainly due to the small

contribution from each locus to the overall disease

susceptibility. A number of problems encountered when

dealing with complex inheritance and positional cloning

strategies are listed in Box 1.

In light of these problems (described in Box 1), it is

important to carefully think through and plan the study

design before starting to collect samples on diseases with

complex inheritance patterns. For example, very large

study populations could be necessary. Whether the whole

data set is analysed together or if a stratification approach

is adopted, sample size is clearly one of the determinants of

success. Thanks to the HapMap project, which was

completed and published in October 2005,4 it is now

possible to select a limited number of SNPs or CNVs to

capture most of the variation in a given segment of the

genome. Recent advances in technology have also made it

possible to analyse thousands or even millions of geno-

types in a few days at a cost that is reasonable. Not only

thousands of samples but also thousands of different

variants can be analysed.

Information gathered from each subject is of great

importance; diagnosis, age of disease onset, disease symp-

toms, other diseases in the family, family history, ethnic

background and birthplace of grandparents. All of these are

examples of information, which should be carefully

considered and could be very useful when conducting a

genetic study. Every individual study and disease is likely to

require an optimised study design that takes into account

the unique characteristics of both the sample population

and the phenotypes studied.5–7 In some cases, it might be

useful to define the phenotype differently compared to the

traditional phenotypic characteristics used when making

the disease diagnosis. The phenotype–genotype correla-

tion is, in most studies, the weakest link.6,7

In this paper, we will review what is known so far about

the genetics of CD. Several reviews have been written about

CD and the human leukocyte antigen (HLA) component8,9

as well as the epidemiology and diagnosis of CD.10–12

However, the so-called non-HLA genetic component of CD

is currently under intense investigation and this will be the

main focus of the present review.

Coeliac disease: the phenotype
CD is characterised by an immunological response to

dietary gliadins in wheat and the corresponding prolamins

in rye and barley. Individuals with CD characteristically

develop a small bowel enteropathy with a villous atrophy,

crypt hyperplasia, increased number of intra-epithelial

lymphocytes and inflammation of the lamina propria as

well as circulating disease-specific IgA-antibodies (anti-

endomysium antibodies (EMA) and tissue transglutami-

nase 2 (TG2) antibodies).

From having been regarded as a gastrointestinal disease,

CD is today rather considered a multisystemic complex

inflammatory disease.13 Clinically CD is highly variable.

Life-threatening states with severe diarrhoea, malnutrition,

lethargy, oedema and/or anaemia are seen (even if they are

rare) as well as clinically silent, asymptomatic persons

without obvious symptoms at all. In dermatitis herpetifor-

mis, a skin manifestation of gluten intolerance, severely

itching blisters appear on elbows, knees and buttocks, most

often in addition to symptomatic or non-symptomatic

enteropathy.

Several diseases are associated with CD. Malignancy,

especially in the gastrointestinal tract and particularly

Box 1 Difficulties in complex inheritance

K There is typically a great deal of genetic heterogeneity in
complex diseases. Either locus heterogeneity, allelic
heterogeneity or most likely both. The consequence of
this could be regional or ethnic differences, where
different genes or genotypes or alleles cause disease in
different populations

K Since several genes are involved, the contribution of
each gene to the phenotype is smaller

K Genes can interact with each other to cause disease
(epistasis). This means that healthy individuals are likely
to have a disease-causing variant in any one of these
genes, just not in the combination leading to phenotypic
expression (incomplete penetrance)

K The disease-causing variant could be a normal variant
present in high numbers in the healthy population
(incomplete penetrance). Because of this it could be
difficult to prove its involvement in the disease or
phenotype under study

K It is possible to have the disease without a certain disease
gene (phenocopies). This can be the result of different
environmental factors causing disease or different
combinations of genes causing disease in different
individuals (genetic heterogeneity)

K Since the linkage signal usually is much weaker than for
monogenic diseases, the confidence interval becomes
larger. This means that the region on the chromosome,
where the gene is likely to lay increases in size and fine-
mapping of a larger region becomes necessary
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intestinal lymphoma, was already in the 1930s found to be

more common in CD. A large Swedish registry follow-up

study on 12000 subjects verified this risk in adults.14 The

standard incidence ratio (SIR) for all types of cancers was

1.3 (1.2–1.5; 95% confidence interval (CI)), for malignant

lymphoma 5.9 (4.3–7.9) and for small intestinal cancer 10

(4.4–20). The risk of cancer declined with increasing

length of follow-up after CD diagnosis and was not

significantly increased after 10 years. Interestingly, in

individuals first hospitalised with the diagnosis of CD

before the age of 10 years, no significantly increased risk for

malignant lymphoma was found. In contrast, individuals

first hospitalised with CD older than 20 years had a

considerably higher risk (SIR 7.0, 95% CI: 5.0–9.5). Further,

the risk decreased over time for diagnosis of malignant

lymphoma during the study period from SIR 12 (95% CI:

3.8–28) in 1970–1979 to 3.4 (95% CI: 1.9–5.7) in 1990–

1995.

Osteopenia/osteoporosis is present at diagnosis of CD in

all ages and in patients who fail to adhere to the gluten-free

diet.15,16 Treatment with gluten-free diet reduces or

normalises the osteopenia.17 A special form of epilepsy

with occipital calcifications is also linked to CD.18

Association between CD and autoimmune disorders has

drawn special attention. Type 1 diabetes mellitus (T1D),

thyroid diseases, Sjögren’s syndrome and other autoim-

mune diseases are overrepresented in CD and CD is

overrepresented when patients with these disorders are

serologically screened for CD.19–24 An Italian multicentre

study demonstrated a strong correlation between increas-

ing age at CD diagnosis and occurrence of other auto-

immune disease.25 Failure to adhere to the gluten-free diet

increases the risk for teenagers of having circulating organ-

specific autoantibodies and autoimmune disease26 and

first-degree relatives of CD patients have an increased

prevalence of autoimmune diseases as well as silent CD.27

These findings point to the possibility of common genetic

pathways in CD and autoimmune diseases, and raise the

question if the upregulated immunological activity in

untreated CD may contribute to the development of

autoimmune disease in genetically susceptible individuals.

A higher prevalence of CD is found also among girls

with Turner’s syndrome28 and children with Down’s

syndrome.29

Epidemiology, population genetics
Within a few years in the early 1980s, a three to four times

increase of childhood CD incidence was described in

Sweden, but not in the neighbouring countries.30–33 After

1996, a sudden decrease was noticed which was followed

by a slow increase and a shift to higher ages and more silent

phenotypes.33 The changes were parallel to changes in the

infant-feeding pattern. Studies showed a higher gluten

consumption in Swedish infants compared to countries

with a lower incidence and to earlier Swedish studies.34

Also, a higher frequency of terminated breast feeding

before the gluten introduction in children with diagnosed

CD versus controls was found.35 The question whether

these environmental factors are affecting the phenotype

(ie, the intensity of the symptoms), and thus, the chance of

being diagnosed rather than triggering the onset of the

disease has been under debate.36

For genetic issues it is often of interest to compare

epidemiological data between different regions, countries

and populations. Different Caucasian populations show a

prevalence of around 1% with surprisingly low variations

when statistical margins of error are taken into considera-

tion.37,38 A female predominance of around 2:1 is generally

found.39 Family studies have shown a sibling relative

risk,40,41 of approximately 10 (lsE10) using a population

prevalence of 1% and a sibling prevalence of 10%.42 In

dizygotic twins, the sibling prevalence has been reported to

be around 20%.43

Few epidemiological studies have been done in non-

Caucasian populations. One exception is a study of

Saharawi refugees, who show a surprisingly high preva-

lence of 5.6%, the highest population prevalence of CD

ever found.44 Another study comparing populations from

European and Asian origin demonstrated that the Punjabis

had a four times higher incidence than Europeans.45

The positional cloning approach in CD
The first evidence of linkage in CD: chromosome 6
and HLA (‘CELIAC 1’)

The most common candidate gene region in inflammatory

diseases is the major histocompatibility (MHC) complex on

chromosome 6, which encodes for the human leukocyte

antigens (HLA). The linkage and the association signals to

HLA are typically strong in autoimmune and inflammatory

diseases. Linkage and association to HLA were detected

several decades ago in many diseases such as type 1

diabetes, rheumatic diseases and CD.46–50 However, find-

ing the functional genes in HLA influencing these diseases

has not been an easy task, in part due to the very strong

linkage disequilibrium (LD) in the HLA region. Strong LD

can complicate the fine mapping of disease associated

genes, but in spite of this and uniquely for CD, the primary

disease locus for CD in HLA has been identified.51 The

HLA-DQ2 molecule, encoded by specific alleles of HLA-

DQA1 and HLA-DQB1, is one of the strongest HLA

associations among the HLA-associated diseases. In most

populations, over 90% of CD patients carry the DQ2

heterodimer encoded by alleles DQA1*05 and DQB1*02.8

The final genetic evidence that HLA-DQA1 and -DQB1

encoded the functional variant causing CD was the

discovery that the DQ2-risk molecule can be encoded
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from alleles DQA1*05 and DQB1*02 in cis- or in trans-51

(Figure 1).

Nearly all of the CD patients negative for DQ2 carry the

DQ8 haplotype containing the risk allelic combination of

DQA1*0301-DQB1*0302. A very small proportion of pa-

tients are both DQ2 and DQ8 negative, and they have been

found to carry one of the two specific alleles coding for

DQ2.52,53 That the risks associated with the different HLA-

susceptibility alleles differ between populations have been

shown54 as well as a dose dependence of the DQB1*02

allele.55–57

Non-HLA-linked genes in CD

The alleles HLA-DQ2 or -DQ8 are necessary for the onset of

CD but they cannot explain the whole genetic suscept-

ibility to the disease. These alleles are also common in

healthy individuals and together the population frequency

is about 20–30%.51

The existence of additional susceptibility genes located

outside of the HLA region is supported by the difference in

concordance between monozygotic twins and dizygotic

twins, who are identical in the HLA region and both

carrying the susceptibility alleles. The pair wise concor-

dance among monozygotic twins is over 70%, which is the

highest reported in a disease with complex inheritance.43

In siblings sharing identical HLA haplotypes, the CD

pair-wise concordance is around 20-30%, suggesting impor-

tance of genes located outside HLA in disease suscept-

ibility.43,58,59 With current estimates of population pre-

valence (0.5–1%) the relative risk has decreased, and ls is

approximately 10–20, ls (HLA) is around 5 and thus with a

multiplicative model,60 the non-HLA component ls (non-
HLA) is 2–4 and would confer a minor part of the total

genetic component. However, these measurements should

be taken with caution also considering that HLA is a

necessary factor. The estimate ls is a measure of familiarity

(a combination of the genetics and other factors which are

shared among family members) and there could be an

unknown environmental component diluting the effect of

the non-HLA genes, if this component also tends to cluster

within families.

Searching the entire genome: linkage studies and
association studies

Several genome scans in CD have been performed in search

for susceptibility genes outside the HLA region. These

studies differ in respect to number of independent families

and what types of families that are analysed. Some studies

have only a few (multi-affected pedigrees), or even one

single large pedigree, while others have adopted an affected

sib-pair approach. The differences in outcome can partly be

explained by these differences in family structure and

partly because sample size is simply not large enough to be

able to detect a gene with relatively small effect. Also, if

related sib-pairs are analysed and not only independent

ones, the linkage statistic can be inflated if it is not

corrected for. Another reason for discrepancies is the use of

different statistical methods. Some genome-wide scans

have used non-parametric linkage (NPL), others have

analysed the data using several different parameters and

LOD scores or heterogeneity LOD scores (HLOD). Testing

of different models and using different types of families

(multi-affected pedigrees versus sib-pairs), makes the com-

parison between studies difficult. The genome-wide link-

age scans are summarised in Table 1.

In a European collaboration, raw data from four genome

scans including follow-up data were pooled and reana-

lysed.64 These were the second, third, fourth and fifth

studies published.62,66,68,69 The raw data consisted of

genotypes from 442 families; 2025 individuals of whom

1056 are affected. The results pointed to chromosome

5q31–33 as being the only significant locus in these

families apart from HLA (Figure 2).

Haplotype: DR3-DQ2

DQB1 DQA1 DRB1Gene:

DR5-DQ7

DR7-DQ2

DQB1 DQA1 DRB1

Antigen presenting cell (APC) 

HLA-DQ2

antigen

Haplotype: anyone

trans=alleles on different 
chromosomes

0301

02 02

11/1202 05 0301 05

07

cis = alleles on the 
same chromosome 

x x x

β chainα chain

Figure 1 The HLA-DQ2 ab heterodimer encoded in cis and in trans.8
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Table 1 Genome-wide searches and their follow-up linkage studies

Year
Number of
families Population

Type of
families Nominal linkage, (Po0.05)

Suggestive
linkagea

Po7�10�4

Significant
linkagea

Po2�10�5

Zhong61 15 Irish Multi-
affected

7q31, 15q26, 19q, 22cen 6p23, 11p11 F

Greco,62,63

39/71/89
Italian Sib-pairs 11q 5q32–34

CELIAC 2
F

Percopo64,65

King 66,67

16/34
British Multi-

affected
6p12, 11p11, 17q12, 18q23
and 22q13.3

F F

Naluai68

70/36
Scandinavian Sib-pairs 2q11–13, 3p24, 5q31–33,

9p21, 11p15, 11q23–25,
17q22, Xp11

F F

Liu69

60/38
Finnish Sib-pairs 1p36, 4p15, 5q31 7q21,

9p21–23 and 16q12
F F

Woolley70

9/1
Finnish (Koilliskaira
region)

Large
extended
families

4p15–16, 8p21–23 15q12 F

Popat71

24
North European Multi-

affected
4p14, 19p13.3 F F

Neuhausen72

62
North American
(Caucasian)

Sib-pairs 3q13, 5p14, 6p, 8q13–q22,
10p14–p12, 12p13, 12q13,
13q12, 18q23

3p26 F

van Belzen73

67/15
Dutch Sib-pairs 1p31.1, 20p12.3 6q21–22 19p13.1,

CELIAC 4
Rioux74

54
Finnish (Kuopio region) Sib-pairs 10p13, 2q23–32 F F

van Belzen75

1
Dutch Large

extended
family

3q12.3, 6q25.3, 10q21.1,
10q26.2, 11p15.4, 15q22.3,
16q23.2

9p21–13 F

Garner76 North American
(Caucasian)

Multi-
affected

1q, 3q, 6p, 6q, 7q, 9q and
10q

F F

Babron64 Meta-analysis of
Scandinavian,68

Italian,62,65Finnish69

and British66

2q32, 4q27, 7p13, 8q23,
10q26, 11q23, 12q24,
14q31, 15q12, 17q25,
19p13, Xp11

F 5q31–33
CELIAC 2

Year and number of families are represented as ‘genome-wide search/follow-up’. Follow-up data is taken into account in the result columns. We have
not commented on the individual significance of each study; however, chromosomal regions in bold text have shown nominal linkage in more than
one population.
Multi-affected¼more than two affected per family, sib-pairs¼ in most cases only two affected per family.
aAccording to the criteria set by Lander and Kruglyak.77
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Figure 2 The results from a meta-analysis of European CD families.64 Non-parametric linkage (NPL) results displayed as Zlr130 on the y axis. The x
axis indicates chromosome distance in cM.
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Interestingly, the families from the United Kingdom

showed negative linkage scores in this region. This could

be the result of random variation due to a small number of

families and locus heterogeneity. These families also have a

somewhat different makeup, being large multigeneration

pedigrees with many affected individuals. The three

remaining data sets consisted of small nuclear families

with typically 2–3 affected individuals. It is possible that

many unrelated nuclear families favour the detection of a

more common susceptibility gene shared by a large portion

of CD patients, while large pedigrees with many affected

individuals could be the result of a gene variant, which is

relatively rare but with rather strong penetrance. This

would illustrate how study design could influence the

outcome of the results.

The first GWA analysis in CD has been reported and the

results show convincing evidence that the IL2–IL21 region

could be involved in CD.78 Several variants were highly

significant when analysed in three populations; UK, Dutch

and Irish case–control samples (shown in bold in Table 2).

Strong LD makes it difficult to isolate one variant as disease

causing and both IL2 and IL21 are expressed by T cells and

have been implicated in other autoimmune condi-

tions.79,80 These genes are definitely interesting to follow

up on in additional populations. Other SNPs from this

GWA analysis, which need to be confirmed, are shown in

Table 2. It is noteworthy that one of these variants is

located in the 13th exon of LCT, the enzyme necessary for

digesting lactose. Could there perhaps be a connection

where malfunctioning lactose digestion during the first

years of life, increases the risk for CD?

Fine-mapping and positional candidates on
chromosomes 5 and 19

After linkage has been established, the next step is to fine

map the linked region using association analysis. A

simplifying condition for finding a disease gene by

association is that most of the individuals with a certain

disease are descendants of the same ancestor, therefore

carrying a common haplotype with a so-called founder

mutation. Association or LD between two alleles is the

complex result of several factors, including recombination

rate, allele frequencies and mutation rate. Reviews on the

subject are written by Lander and Schork81 and Ardlie

et al.82 If a disease mutation occurs next to a common

allele, a large proportion of the normal population as well

as affected individuals will carry this allele in coming

generations. A marker that lies a bit further away could by

chance have a rare allele on the founder chromosome and

the correlation between that marker and the disease

variant will be stronger. This illustrates the strong impact

allele frequencies have on association.

When it comes to chromosome 5, a few published

studies have focused on specific candidate genes in this

region but not been able to find association.83–87 In

addition, a large fine-mapping study failed to single out a

strong susceptibility candidate.88 There were several genes

showing nominal association in this Norwegian/Swedish

family sample but no single association could explain the

large linkage peak found in the same sample.88 Unless,

there are regions inadequately covered due to, for example,

copy number variation, these finding suggests that there is

too much allelic heterogeneity or too many founder

haplotypes to pin a gene down. Fine-mapping of the

chromosome 19 region has been more successful than the

one of the 5q region. The MYO9B gene was shown to

associate in two different CD cohorts.73 It is a gene likely to

be involved in Rho-dependent signalling pathways and

remodelling of the cytoskeleton and tight junction assem-

bly. This seems to fit very well with the possibility of CD

being caused by a more permeable intestinal barrier.

Attempts have been made but so far only one group has

been able to replicate this finding89 while others have

failed.90–94 Replications of genes with a small effect, or

possibly, a population-specific effect can be difficult.

However, control allele frequencies, calculated from un-

transmitted alleles in an Italian population, were signifi-

cantly different from those of the Dutch control

population; while patient allele frequencies were the same

in the different populations.93 This questions the Dutch

control population and could indicate a false positive

finding of the MYO9B gene in the first place.

Other potential candidate genes on chromosome 19

include the intercellular adhesion molecule-1 precursor

(ICAM-1) and CD209 both located in chromosomal band

19p13.2. A study of 489 CD patients and 257 families

recently suggested that a functional variant of the CD209

promoter is associated with DQ2-negative CD patients.95

The ICAM-1 gene was found to associate to CD when

analysing 180 unrelated French CD cases and 212 con-

trols.96 When the authors stratified for age of disease onset,

the same variant conferred even stronger predisposition to

the adult-onset disease.96 Also from 19p13, cytochrome

P450 F3 and F2 genes (CYP4F3 and CYP4F2) showed an

effect on familial clustering in a Dutch CD cohort. CYP4F3

and CYP4F2 catalyse the inactivation of leukotriene B4

(LTB4), a potent mediator of inflammation responsible for

recruitment and activation of neutrophils.97 Additionally

on chromosome 19, a certain combination of expressed

killer cell immunoglobulin-like receptor two (KIR2DL5)

genotypes has shown association in a Spanish population

of 413 cases and 231 controls.98

The candidate gene approach searching for
non-HLA genes in CD
Cytotoxic T-lymphocyte-associated protein: CTLA4
(CELIAC 3)

CTLA4 plays an important role in maintaining tolerance to

self-antigens, both as a negative regulator of T-cell
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proliferation through the co-stimulatory signal and as an

inducer of clonal anergy. This gene has been under

investigation in a number of autoimmune conditions. It

is therefore an interesting candidate gene for CD. So far no

evidence has come forward showing the involvement of a

certain functional genetic variant of this gene in CD.

However, there are many reports indicating the involve-

ment of CTLA4 in CD.

The relative risk of CTLA4 in diabetes is estimated to be

as low as 1.299 and if the same is true for CD, almost all

studies in CD have too little power to be able to detect

association. Still, some linkage to the region has been

reported in a few studies68,100,74 and most published

studies in CD do show signs of association as

well.100,74,101 –111 However, they are not completely con-

gruent. Different studies show association to different

Table 2 Genome-wide association results from van Heel et al. 200778

Chromosome region rs-number Gene name Gene description

1p32.2 rs875153 PPAP2B Phosphatidic acid phosphatase type 2B
1p31.3 rs3949904 USP1 Ubiquitin specific protease-1
1q24.2 rs2949666 POU2F1 POU domain, class 2, transcription factor 1
2p24.1 rs13397583 UBXD4/KLHL29 UBX domain containing 4/Homo sapiens kelch-like 29

(Drosophila).
2p23.1 rs1355208 LBH Limb bud and heart development homolog
2q12.1 rs917997 IL18RAP Interleukin-18 receptor accessory protein
2q21.3 rs2322659a LCT Lactase-phlorizin hydrolase preproprotein
2q32.3 rs17654201 TMEFF2 Transmembrane protein with EGF-like and two
2q32.3 rs1542865 SLC39A10 Solute carrier family 39 (zinc transporter),
2q37.3 rs4852100 NP_997366.1/FLJ45964 Hypothetical protein LOC401040
3p26.3 rs9862494 CNTN4 Contactin-4 isoform a precursor
3q28 rs1464510 LPP LIM domain containing preferred translocation
4p15.1 rs6554006 PCDH7 Protocadherin 7 isoform c precursor
4p15.1 rs6554007 PCDH7
4p15.1 rs6419998 PCDH7
4q27 rs13151961 KIAA1109 Hypothetical protein
4q27 rs13119723 KIAA1109
4q27 rs12642902 IL2/IL21 Interleukin-2 precursor/interleukin-21
4q27 rs6822844 IL2/IL21
4q27 rs6840978 IL21 Interleukin-21
4q35.2 rs12512791 TRIML1 Tripartite motif family-like 1
5q33.1 rs13357969 GM2A/SLC36A2 Ganglioside GM2 activator precursor/solute carrier family 36
5q33.1 rs7708940 GM2A/SLC36A2 Carrier family 36
6p12.2-12.1 rs6936059 TRAM2/TMEM14A Translocation-associated membrane protein 2/transmembrane

protein 14A
6q15-16.1 rs4571541 EPHA7/MAP3K7 Ephrin receptor EphA7/
6q15-16.1 rs4446534 EPHA7/MAP3K7 Mitogen-activated protein kinase kinase kinase 7
6q22.33 rs10484716 C6orf190 Hypothetical protein LOC387357
8q22.3 rs648119 NCALD Neurocalcin d
9p21.1 rs13301122 LINGO2 Leucine-rich repeat neuronal 6C
10p15.1 rs1539234b PFKFB3 6-phosphofructo-2-kinase/fructose-2
11p15.4 rs276892 NUP98 Nucleoporin 98 kDa isoform 1
11p15.4 rs276885 NUP98
11p11.2 rs10838353 TSPAN18/CD82 Tetraspanin 18 isoform 2/CD82 antigen isoform 1
11q23.1 rs7104791 POU2AF1 POU domain, class 2, associating factor 1
11q23.1 rs582465 ALG9 Asparagine-linked glycosylation 9 protein
13q22.1-22.2 rs2325630 KLF12 Kruppel-like factor 12
15q14 rs7497057 GJA9 Connexin-36
15q25.2 rs1353122 RKHD3 Ring finger and KH domain containing 3
16p13.12 rs10500391 FLJ11151 Hypothetical protein LOC55313
18q21.31 rs3809983a ALPK2 Heart a-protein kinase
18q21.31 rs3809973a ALPK2
18q21.31 rs3809970a ALPK2
18q21.31 rs12103986a ALPK2
18q23 rs7245277 SALL3 Sal-like 3
19q12 rs1036229 POP4 Ribonuclease P protein subunit p29
20p12.3 rs6053908 C20orf42 Kindlin-1/hypothetical protein
20p12.1 rs200755 C20orf133 Hypothetical protein LOC140733

The table displays SNPs with Po10�4 (excluding HLA region). SNPs where replication was attempted and where the P-value was significant are shown
in bold.78 The remaining SNPs in this list has not undergone further replication attempts as of yet.
aNon-synonymous SNPs.
bSNP located in the untranslated region (UTR) of the mRNA.
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ÅT Naluai et al

548

European Journal of Human Genetics



haplotypes107,112 and some studies fail to show associa-

tion.113–115 Other studies with negative results could

remain unpublished. Nevertheless, a negative result is not

surprising if the relative risk is low and study samples are

small. Different haplotypes showing association could be a

result of allelic heterogeneity between and within popula-

tions but also of that CTLA4 can have different impacts on

disease sub-phenotypes such as disease onset and severity.

If one study includes many silent cases and another

includes classical cases, this could be a reason for the

different associations shown. Genotypes at HLA have also

been suggested to influence the outcome of susceptibility

to alleles in CTLA4.68,110

Other non-HLA candidate genes potentially involved
in CD

We searched PubMed (www.pubmed.gov) for ‘genetic AND

(celiac OR coeliac) AND (associated OR association)’ and

the database returned 405 hits. The genes presented in

Table 3 are implicated from candidate gene studies, where a

reported significance was below a P-value of 0.05. Further-

more, only those studies based on more than 100 unrelated

CD patients are included below. This is indeed a very small

sample size in a complex disease like CD, where odds ratios

in the order of two or even less is expected. Some studies

include many more individuals and thus these results

could be more reliable. After excluding the HLA, chromo-

somes 5, 19 and CTLA4 regions, only seven studies in total

fulfilled these criteria. In some cases, there have already

been attempts made to replicate these findings. However,

in most cases no convincing evidence can be presented

(Table 3).

It is important that other research groups try and

replicate suggestive findings since it is difficult to interpret

the significance of genetic associations from a single

report. Without a doubt, many of these studies will prove

to be false-positive findings.

Evolutionary perspective
When searching for genes causing a complex disorder, it is

interesting to try and understand the evolutionary and

historical implications and how the disease is moulded by

time.

One would think that individuals with variants confer-

ring risk to a disease would be reduced in the population

over time. It could be argued that if intolerance to gluten

was an original state for human beings, we would never

have adapted to this food source. However, in a disease like

CD, it is possible that the disease state is the wild type or

‘natural state’ much like lactose intolerance is considered

the wild type for humans. There are several factors that can

be used to argue for how ‘intolerance’ variants could have

been widespread, which in turn, would explain how

humans adapted to the new food source all the same.

When looking at the HLA molecule known to cause CD –

DQ2 – this molecule is frequent in the population and is

considered ‘normal’ (ie, no damaging mutation hindering

a protein to function properly). How is this possible, from

an evolutionary perspective?

First, the complexity of the disorder makes individuals

respond very different. Many affected individuals live to a

high age and reproduce in spite of the disease.

Second, variants conferring susceptibility to disease

could give an advantage in other situations or genetic

backgrounds. HLA genes are examples of such genes; many

variants of HLA are beneficial at the same time as they

confer susceptibility to disease. If an individual is lacking

the non-HLA-susceptibility genes it could be an advantage

to have the DQ2 molecule conferring susceptibility to CD

and vice versa.

Third, when it comes to CD, the percentage of gluten in

today’s crops is increased by human intervention. When

the first humans started to eat diploid wild-wheat the

amount of gluten ingested was much lower than in today’s

tetraploid breed of wheat. Although very small amounts of

Table 3 Candidate gene studies showing nominal association in CD

Gene
Chromosome

region Reference
Number of
patients/families Replication studies

MIF (macrophage migration inhibitory factor) 22q11 116 531 patients
RANTES (regulated on activation, normal
T-cell expressed and secreted)

17q12 117 105 families Not confirmed in 310 patients118

PARP1 (Poly (ADP-ribose) polymerase-1 gene) 1q42 119 120 patients
MBL2 (mannose-binding lectin gene) 10q21 120 149 patients
FAS-G670A 10q23 121 146 patients
IFN-g (interferon-g) 12q15 122,123 220+110 patients Not confirmed in 500 patients124

MMP-3 (matrix metalloproteinase-3)a 11q22 125 225 patients
FcgRIIa and FcgRIIIa 1q23.3 126 519 patients

This table does not include the HLA, CTLA4, chromosome 19 or the chromosome 5 regions. These regions are discussed more closely in the text. Also,
we only list studies, which included more than 100 unrelated CD patients.
aAssociation was only evident when analysing male patients separately.125
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gluten induces relapse of the flat mucosa in CD patients,

we do not know so much about the amount of gluten

needed to trigger the disease. Maybe, the environmental

trigger (gluten) was not strong enough to cause the disease

in many individuals even if they had the genetic suscept-

ibility variants.

Factors that contribute to keeping the CD-susceptibility

genes in HLA fairly common in the population can equally

keep non-HLA genes common.

Taking these factors in consideration it is possible that

non-identified CD-susceptibility alleles might have a

similar allele frequency as the HLA-susceptibility alleles,

and could then also be considered the wild-type allele. If a

CD-susceptibility locus was polymorphic 10000 years ago,

then this can mean that the genetic variant influencing CD

could be common and ancient. For the search of this kind

of variation, the haplotype-mapping approach and GWA

analysis are very suitable.127–129

On the other hand, before humans started to eat wheat,

CD-susceptibility variants could have had any frequency. If

the allele influencing CD was the wild-type and non-

polymorphic at the time when gluten was introduced in

the population, it is possible that protective and relatively

rare variants have developed over the years. These variants

would have escalated in the population because of an

increased selective pressure in a changing environment/

gluten consumption. More recent mutations would suggest

increased allelic heterogeneity. From this follows that

analysing patients jointly from different parts of the world

or even different parts of the same country, should be done

with caution. However, if this would be the case, then we

would expect a high variability of disease prevalence in

different populations and the fact that CD seems equally

prevalent in many populations speaks against this.

Future challenges
Current technologies have made it possible to also use

association analysis for whole-genome scans. Although it is

under debate if this is a good strategy to use, several such

studies have already reported disease associations and more

will follow. The IL2–IL21 region in CD is one of these

findings and even if this is not the only non-HLA region

influencing disease, there is evidence that one of these

genes plays a part in CD susceptibility.

Two linked regions have reached a level of significant

genome-wide linkage according to Lander and Kruglyak.

These regions are 5q31F33, where linkage has been

verified in several different independent populations64,65

and 19p13.1 which show linkage in the Dutch popula-

tion.73 One would think that these regions should be the

first place to look for susceptibility genes. However, so far

no convincing evidence has pinpointed a certain gene in

any of these regions. New strategies using innovative

phenotyping and using gene–gene interaction models

might be necessary to locate disease genes. It is very

possible that a combination of several different genes in

the linked regions alone may be influencing the outcome

of the disease and a strategy that takes this and other gene–

gene interactions into account might be the way to move

forward.

The puzzle is slowly being pieced together. Undoubtedly,

several genes and genetic variants outside of the HLA

complex add to the disease risk. Whether this risk increase

is mainly due to rare variants, common ancestral variants

or both remain to be seen.

References
1 Juuti-Uusitalo K, Maki M, Kaukinen K et al: cDNA microarray

analysis of gene expression in coeliac disease jejunal biopsy
samples. J Autoimmun 2004; 22: 249–265.

2 Diosdado B, Wapenaar MC, Franke L et al: A microarray screen
for novel candidate genes in coeliac disease pathogenesis. Gut
2004; 53: 944–951.

3 Botstein D, Risch N: Discovering genotypes underlying human
phenotypes: past successes for Mendelian disease, future
approaches for complex disease. Nat Genet 2003; 33 (Suppl):
228–237.

4 Altshuler D, Brooks LD, Chakravarti A, Collins FS, Daly MJ,
Donnelly P: A haplotype map of the human genome. Nature
2005; 437: 1299–1320.

5 Weiss KM, Buchanan AV: Evolution by phenotype: a biomedical
perspective. Perspect Biol Med 2003; 46: 159–182.

6 Terwilliger JD, Goring HH: Gene mapping in the 20th and 21st
centuries: statistical methods, data analysis, and experimental
design. Hum Biol 2000; 72: 63–132.

7 Terwilliger JD, Haghighi F, Hiekkalinna TS, Goring HH: A bias-ed
assessment of the use of SNPs in human complex traits. Curr
Opin Genet Dev 2002; 12: 726–734.

8 Sollid LM: Molecular basis of celiac disease. Annu Rev Immunol
2000; 18: 53–81.

9 Louka AS, Sollid LM: HLA in coeliac disease: unravelling the
complex genetics of a complex disorder. Tissue Antigens 2003;
61: 105–117.

10 Lee SK, Green PH: Celiac sprue (the great modern-day imposter).
Curr Opin Rheumatol 2006; 18: 101–107.

11 Alaedini A, Green PH: Narrative review: celiac disease: under-
standing a complex autoimmune disorder. Ann Intern Med 2005;
142: 289–298.

12 Green PH, Rostami K, Marsh MN: Diagnosis of coeliac disease.
Best Pract Res Clin Gastroenterol 2005; 19: 389–400.

13 Sollid LM: Coeliac disease: dissecting a complex inflammatory
disorder. Nat Rev Immunol 2002; 2: 647–655.

14 Askling J, Linet M, Gridley G, Halstensen TS, Ekstrom K, Ekbom
A: Cancer incidence in a population-based cohort of individuals
hospitalized with celiac disease or dermatitis herpetiformis.
Gastroenterology 2002; 123: 1428–1435.

15 Valdimarsson T, Lofman O, Toss G, Strom M: Reversal of
osteopenia with diet in adult coeliac disease. Gut 1996; 38:
322–327.

16 Kalayci AG, Kansu A, Girgin N, Kucuk O, Aras G: Bone mineral
density and importance of a gluten-free diet in patients with
celiac disease in childhood. Pediatrics 2001; 108: E89.

17 Molteni N, Caraceni MP, Bardella MT, Ortolani S, Gandolini GG,
Bianchi P: Bone mineral density in adult celiac patients and the
effect of gluten-free diet from childhood. Am J Gastroenterol
1990; 85: 51–53.

18 Gobbi G: Coeliac disease, epilepsy and cerebral calcifications.
Brain Dev 2005; 27: 189–200.

Searching for genes influencing coeliac disease
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